The paper brings a comparison of two novel combinations of a relay identification test with a Time Delay System (TDS) model. Namely, the on/off plus saturation relay test and relay transient experiment are introduced. In the former case with more then two unknown model parameters, it is necessary to apply some technique for frequency response multiple-points identification; here, the Autotune Variation Plus (ATV+) procedure introducing an artificial delay is utilized. Limit cycles data are evaluated via an unordinary time-domain approach and using the Discrete Time Fourier Transform (DTFT), respectively. Both methodologies are verified and compared on a model of the circuit heating laboratory system with internal delays.
INTRODUCTION
By autotuning (i.e. automatic tuning), a set of methods which enable the controller to be tuned automatically on demand from an operator or an external signal is meant (Åström and Hägglund 1984; Hang et al. 2002) . Industrial experience has clearly indicated that this is highly desirable and useful feature. The whole procedure usually consists of two basic steps: Process model parameters identification followed by controller tuning; however, some approaches do not require explicit model identification. The relay feedback autotuning (identification) test performing limit cycle oscillations was successfully applied to the autotuning of PID controllers in (Åström and Hägglund 1984) and it is widely used and in practice as a well applicable technique. It is robust, easy to implement, timesaving, easy to use and close-loop control which keeps the process close to the setpoint. The classical relay-feedback loop scheme with a symmetrical relay is depicted in Figure 1 . If the process is stabilizable and has a phase lag of at least π radians, the process input ( ) However, the original relay feedback test -sometimes called ATV (Autotune Variation) -see (Luyben 1987; Yu 2006 ) -has two basic drawbacks. First, due to an approximation, the estimation of the critical point is not accurate enough for some processes, such as those with large time delays (Wang et al. 1999 ). For example, there is an error of 23% for a first order unstable system with input-output delay. Second, the basic test enables to estimate only single point of the frequency characteristics. Hence, there have been investigated and developed many advanced techniques, which should eliminate the two mentioned deficiencies. Much research has been undertaken in identifying multiple points on the process frequency response, for instance, inserting of an integral or a delay element into the open loop (Scali et al. 1999; Tan et al. 1996) .
In this paper, the basic on/off relay test is improved by the use of a saturation relay (Shen et al. 1996; Yu 2006 ) for more accurate model parameters estimation followed by the above mentioned artificial-delay test. This approach is confronted with a technique utilizing the relay transient with DTFT (Hang et al 1995; Wang et al. 1997) . The advantage of the latter method is that arbitrarily many points on the Nyquist curve can be estimated by a single test.
The novel merit of this contribution is that the two methods are verified and benchmarked on a simulated identification relay experiment for a TDS model of a circuit heating laboratory plant (Dostálek et al. 2008; Pekař et al. 2009 
RELAY-FEEDBACK TEST
Let us concisely describe model parameters estimation from the relay feedback test. Consider a simple feedback with and on/off relay as in Figure 1 . If the process is stabilizable and has a phase lag of at least π radians, the process input ( ) 
where B is the relay amplitude. The ultimate (critical) frequency is close to the value of
. Formula (1) comes from linearization of the relay output via Fourier series approximation when upper harmonic components of the signal are neglected, since a relay is a non-linear element and it can be linearized for linear theory approaches, details can be viewed e.g. in (Yu 2006 ).
An asymmetric (biased) relay, after removing stationary (dc) components, enables to estimate the static gain of the system according to
see (Luyben 1987; Vyhlídal 2003) . The static characteristic of a biased relay is displayed in Figure 2 , where 
which describes one point at the open-loop Nyquist plot giving rise to the estimation of two plant model parameters by the solution of it.
SATURATION RELAY
Model parameters estimation can be improved by a saturation relay (Shen et al. 1996; Yu 2006) , the static characteristics of which is depicted in Figure 4 . Obviously, the ideal case is that when ( ) t u has the shape of ( ) t e while A A = , where A is the amplitude of ( ) t e . In this case, the ultimate gain equals the value of k exactly. Another limit case arrives when ∞ → k , which agrees with the standard on-off relay. 
Hence, the aim is to find k (or A ) such that A A = for a given B, which provides the exact critical gain estimation. On the other hand, there is also a potential problem that can make the test fail. If the slope of the static characteristics k is too small, or equivalently, if A A > , a limit cycle may not exist. To avoid this, there has been proposed a two-step procedure finding a rough estimate of the lower bound on k , say min k , followed by a saturation relay test (Shen et al. 1996; Yu 2006 
A USE OF ARTIFICIAL DELAY
As mentioned above, the standard relay feedback test enables to identify only one point at the Nyquist curve, i.e. two unknown parameters of the model, and the estimation of other model parameters requires a special technique.
One of the possibilities is to use the ATV+ (Autotune Variation Plus) (Li et al. 1991; Scali et al. 1999; Marchetti and Scalli 2000) . The first step of the ATV+ procedure is a standard relay test. The second step introduces an artificial delay + τ between the relay and the process.
The overall phase shift is -π, however only a part of this is attributed to the process, as 
RELAY TRANSIENT
In (Hang et al. 1995) , there was proposed a technique that could obtain multiple points on the process frequency response in a step test by removing stationary components followed by applying the Discrete Fourier Transform (DFT), Discrete-Time Fourier Transform (DTFT), or Fast Fourier Transform (FFT) to the remaining signals there. The procedure was improved in (Wang et al. 1997 ) where a method that can identify multiple points simultaneously under one relay test was proposed, the description of which follows.
Using a standard relay test, ( ) are recorded from the initial time until the system reaches a stationary oscillation and they are subjected to exponential decaying as
Obviously, ( ) t u and ( ) t y will decay to zero for 0 > a and ∞ → t .
The Fourier transform applied to (6) results in , see e.g. (Wang et al. 1999a) . If, moreover, ∈ = n N n , 2 N, then the standard FFT can be used for faster computing.
TIME DELAY SYSTEMS
Time delay systems (TDS) have usually been assumed to contain delay elements in input-output relations only. All the system dynamics has been hence modeled by point accumulations in the form of a set of ordinary differential equations. The Laplace transform then results in a transfer function expressed by a serial combination of a delayless term and a delay. However, this conception is somewhat restrictive in effort to fit the real plant dynamics because inner feedbacks are often of time-distributed or delayed nature.
Anisochronic (or hereditary) TDS models, in the contrary, offer a more universal dynamics description applying both integrators and delay elements either in lumped or distributed form so that delays appear on the left side of a differential equation which is no longer ordinary (ODE) but rather functional (FDE) -this brings the concept of internal (or state) delays.
Theory, models, analyses and/or applications of these systems can be found e.g. in ( Obviously, such a system (model) is infinitedimensional due to its infinite spectrum which equals the set of denominator roots, in most cases.
In (Vyhlídal and Zítek 2001; Pekař 2008 ) the relayfeedback experiment was used to identify a stable timedelay model of the first order with one input-output and one internal delay, where an additional (artificial) delay was utilized. A sketch of the idea of a time-domain limit cycles evaluation introduced in the latter reference is briefly described below.
To name just one non-relay method for incessant (selftuning) identification for systems with input-output delays, the reader is referred to (Bobál et al. 2012 ).
TIME-DOMAIN LIMIT CYCLES EVALUATION
The simple idea of the limit cycles evaluation in time domain from a relay test stems from the fact that rectangular waves on a plant input can be approximated by (or viewed as) sinus waves using linearization (1) or (4). Hence, using, for instance, an on-off relay, the approximating input sinus signal is
Since the ideal relay does not evoke a phase shift, a plant output has a phase shift -π, in other words, a plant output is given by ) sin( ) ( . Again, this is inserted to the appropriate FDE with a selected value of t . Note that only two distinct time values can be chosen for one test. For further details, the reader is referred e.g. to (Pekař 2008) .
EXAMPLE
A simulation example comparing the two methodologies, i.e. the use of an on/off and saturation relay with additional delay, and the use of a relay transient, performed in Matlab/Simulink environment follows. In particular, relay-based parameters identification of the model of a laboratory circuit heating plant is introduced. The appliance was assembled at the Faculty of Applied Informatics, Tomas Bata University in Zlín, Czech Republic (Dostálek et al. 2008) . A photo and a sketch of the scheme of it are displayed in Figure 6 . ; however, two of them can be estimated not from the knowledge of the ultimate gain and frequency. Namely, the static gain
can be calculated from (2) or from the step-response (as it has been performed herein), and the value of inputoutput delay τ can be estimated as in Figure 3 .
Hence, in the first step, a biased on-off relay with hysteresis is used to estimate these two parameters. Then, a simple (symmetrical) on-off relay and a saturation relay can be utilized to calculate the remaining parameters from (3) and the use of an artificial delay 
The application of the saturation relay leads analogously to the following conditions ( ) (Madsen et al. 2004 ) and Nelder-Mead (NM) algorithms (Nelder and Mead 1965) . Note that NM algorithm and the MS Excel Solver minimize the sum of squares of the left-hand sides of (21) and (22), which agrees with error e in the tables.
Graphical results are presented in Figure 7 where Result 1 agrees with that presented in Table 1 , Result 2 means LM and NM methods in Table 2 and Result 3 is that obtained from the MS Solver in Table 2 . The best theoretical (simulated) result is provided by the use of the relay transient with LM and NM methods (which can be verified numerically); nevertheless, all the presented procedures provide a very good outcome.
CONCLUSIONS
The proposed contribution has presented a concise description and a comparison study case of relayfeedback identification tests. Namely, it has covered two distinct methodologies -a combination of an on/off and biased relay with the use of an artificial delay, and the idea of a relay transient for multiple parameters estimation during a single test.
The consequent simulated example has demonstrated the usability of the proposed methods for model parameters identification of a real (laboratory) system with delays. It has confirmed that both procedures provide us with very good results as well.
In the future, practical measurements are desirable to be performed and the eventual models can be used to realtime control of the laboratory appliance for verification of several control algorithms for time delay systems.
